Background A series of cross-sectional studies have found a relationship between stunting and obesity in childhood. Because height appears in both the numerator of indices of stunting and the denominator of indices of obesity, random errors made by fieldworkers measuring heights can produce negative bias in estimates of this relationship.
Introduction
Anthropometric indices based on children's heights and weights are used both to monitor the growth of individuals and to investigate children's health and health inequalities at the population level. 1 Stunting (low height-for-age), being underweight and obesity in childhood are all indicators of sub-optimal physical and mental development and predispose children to poorer health, lower earnings and higher mortality later in life. 2 In an analysis of national surveys of Russia, Brazil, South Africa and China, Popkin et al. found that stunting was associated with being overweight among children in all four countries. 3 Because stunting remains common in less developed countries, this suggests that, as such countries become more affluent and activity patterns in them less energy-intensive, the prevalence of obesity in their populations may grow massively.
Subsequent research has produced similar findings for other populations, [4] [5] [6] [7] although the relationship may differ between pre-school-age, primary-schoolage and post-pubertal children. 8 One longitudinal study found that stunting in early childhood was associated with lower body mass indices (BMI) in late adolescence 9 and others that growth at different ages in childhood has varying implications for adult body composition. [10] [11] [12] Several studies of children in South Africa have produced contradictory findings. [13] [14] [15] Related research has suggested mechanisms operating during the developmental process that might explain the association. [16] [17] [18] [19] The cross-sectional evidence for the existence of this association is open to question because errors in measured heights that leave the estimated means of the two anthropometric indicators unbiased can produce negative bias in estimates of the indicators' correlation. 20 This bias is an artefact of the appearance of height in both the numerator of the index of stunting and the denominator of the index measuring obesity. Children whose heights are underestimated tend to be classified wrongly as obese and may not be classified as underweight when they are.
Popkin et al. discount this possibility on the grounds that a J-shaped relationship exists between obesity and stunting, with the risk of obesity being concentrated among the most stunted part of the population. 3 However, a proportion of children classified as severely stunted may merely have had their height underestimated because more children will lie just inside any cut point on the tail of the height distribution than just outside it, leading random measurement errors to inflate the apparent number of children in the distribution's tails.
This article investigates the implications of this bias using longitudinal data on children from KwaZulu-Natal, South Africa. The determinants of stunting and being underweight and obese are compared before examining the link between stunting and BMI using methods comparable to those used by earlier cross-sectional studies. [3] [4] [5] [6] [7] [13] [14] [15] The data are then reanalysed using lagged height as an instrumental variable (IV) with which to eliminate bias resulting from random errors in the measurement of height.
Methods
The KwaZulu-Natal Income Dynamics Study (KIDS) is a panel of households in the eponymous province of South Africa on which data were obtained in 1993, 1998 and 2004. 21, 22 Baseline data were collected from a clustered probability sample of all households but only Indian and African clusters were re-interviewed because of the low response rate and unusual characteristics of the few White and Coloured clusters. Households that moved to other parts of South Africa were retained in the panel. Interviews were also conducted in 2004 in next-generation households that had split off from the parental households and in the current households of children who had been fostered out. The 2004 wave obtained data on 1377 households containing members of 841 of the 1354 African and Indian households contacted in 1993. Each wave of fieldwork collected information on the demographic characteristics and activities of each household member and on the household's dwelling, other assets and economic status, including details of its income and expenditure.
In 1993, fieldworkers were instructed to measure the heights and weights of all children residing in the households aged <6 years. Height-for-age z-scores are available for 77% of them and weightfor-height z-scores for 75% ( Table 1 ). Most of the missing data are for infants or 1-year-old children.
In 1998 and 2004 anthropometric data were collected on children aged 46 months and <12 years and their completeness rises to 88% for height-for-age and 89% for weight-for-height/BMI in 1998 and 91% for both indicators in 2004. Fieldworkers were instructed to measure children's heights and weights twice and to take a third measurement if the first two were discrepant. They also sought to confirm the children's exact ages against birth certificates and other documents.
This design means that many of the children who were primary-school age in 1998 and 2004 have been measured more than once. One can construct a cohort from the data of 570 children measured in 1993 and 1998 and aged 5-11 years in 1998 and 540 children measured in 1998 and 2004 and aged 5-11 years in 2004.
Children's heights and weights were assessed against the 2000 CDC reference standards for children in good health. 23 Children were classified as underweight if their BMI was 41 standard deviation (SD) below the median BMI of healthy children of the same age and as severely underweight (wasted) if their BMI was 42 SD below the median. They were defined as overweight if they had a BMI 41 SD above the same median and as obese if their BMI was 42 SD above it. About 4% of the measures (see Table 1 for details) were dropped from the analysis because their values were implausible, specifically heightfor-age z-scores of less than À6 or 46, height-forage z-scores of <À3.1 combined with a weight-forheight z-score of 43.1, and weight-for-height and BMI z-scores of <À4 or 46. 24 Biases analogous to that considered here have been addressed in other contexts, notably studies of the impact on hours worked of hourly pay rates, which many survey respondents estimate by dividing their total pay by their hours. 25, 26 One strategy that can be applied to longitudinal data is to use a lagged indicator of height as an instrument to resolve this errors-in-variables problem. Errors in measures of a child's height taken several years apart by different fieldworkers are unlikely to be associated. Thus, assuming that errors in measured height are also uncorrelated with children's true heights (i.e. the measurement of height is unbiased), the earlier measure of height can be used to make a prediction of the later one that is purged of random measurement error. 27 Specifically, the probabilities that children were overweight, obese, underweight and wasted were modelled using probit regression. The simple probit model is
whereas the two-stage IV regression model takes the form
where y it is a binary indicator of whether i-th child has an unhealthy BMI z-score in year t; x it is the child's height-for-age z-score at time t; z it is a vector of other predictors which have associated vectors of coefficients g, g 1 and g 2 ; and x* it is the linear predictor from the first-stage equation.
The model was fitted to the data from the 1998 and 2004 waves of KIDS using children's height-for-age z-scores in 1993 and 1998, respectively, as instruments. The association between " 1it and " 2it , r, provides the basis for the Wald test of the exogeneity of x it . The smaller the value of r the less likely it is that the simple probit model is biased.
Results
The mean height-for-age of children in KIDS was about 1 SD below that of the reference population ( Figure 1 ). Children were on average shorter in 1993 than 1998 and in 1998 than 2004. In 1993 and 1998, but not 2004, children's heights dropped increasingly behind those of the reference population as they got older. The proportion of children aged 2-6 years with a BMI z-score <À2 was nearly 12% in 1993, but lower in 1998, and down to the level found in well-nourished populations by 2004. The proportion of children with a BMI z-score 42 fell between 1993 and 2004. For example, 14% of children aged 2-5 years were obese in 1993 compared with 7% in 2004. The prevalence of obesity declined with age across childhood. The proportions of children who were merely overweight or underweight, as opposed to obese or wasted, were much higher. In 2004, for example, 9.6% of children aged 2-12 years were underweight, whereas only 2.1% of them were wasted and 19.0% of them were overweight but only 3.5% obese. The differentials and trends in these indicators (data not shown) followed similar patterns to those for wasting and obesity.
The finding that the prevalence of both wasting and obesity fell across the waves of the study suggests that, at least in part, these trends may be an artefact of reduced errors in the measures of height and weight. This interpretation receives partial support for pre-school-age children from Figure 2 . The 1993-98 increase in children's average height resulted from a general shift to the right of the distribution of heights. This change is probably real. In contrast, the 1998-2004 increase resulted largely from changes in the tails of the distribution, which narrowed. This pattern of change is less plausible. Similarly, at least some of the 1993-98 decrease in the prevalence of underweight was probably real, but much of the apparent 1998-2004 decrease in the proportions of height-for-ag children that were either underweight or overweight may have been an artefact of improvements in data quality. Table 2 examines inequalities in children's heights-for-age using first a cross-sectional regression model (adjusting the standard errors for the existence of multiple measures on some children); second, a random intercept model that incorporates childspecific offsets to the z-scores that are distributed normally around the population average; and, third, a dynamic model which includes lagged height-for-age z-scores as an explanatory variable. This model was fitted to the 1155 pairs of observations that exist for successive waves.
Most of the results are robust to the exact specification of the regression model. Children's heights increased between 1993 and the later waves. They dropped back slightly against the reference standard among older children. The z-scores did not vary by sex. Children's height was positively associated with the per capita income of their household but Indian children were taller than African children even after allowing for this. No evidence exists that mothers' education affected their children's heights after controlling for income and race.
The final model shows that, whereas children's height was associated with their height 5-6 years earlier, the coefficient is small. This may mean that substantial catch-up growth occurred or merely reflect regression to the mean resulting from errors in the measurement of height. Including lagged height in the model attenuates, but does not eliminate, the effect of contemporary household income. Thus, the cross-sectional relationship between poverty and stunting results from both a shorter-term and longer-term history of faster child growth in better-off households. Multiplying out the predictions from this model reveals that the substantial height advantage of young children born into households based in the metropolitan areas of Durban and Pietermaritzburg in 1993 had been completely eroded by about age 10 years. Table 3 presents regressions on their height-for-age z-scores of the proportions of children aged 6-11 years in 1998 or 2004 that were overweight or underweight. The relationship is not adjusted for the children's age and sex but doing so does not greatly affect the fit of the models (results not shown). Although an earlier measure of height is available for <50% of all children measured in either 1998 or 2004, the coefficients of models fitted to these two samples are similar, suggesting that children who were measured twice were fairly typical of all children. Instrumenting, that is repeating the analysis using height-for-age z-scores predicted from their values in the previous wave of data, increases the coefficients on height-for-age in the two models predicting overweight and obesity and reduces the coefficients on height-for-age in the two models predicting the probability of being mildly and severely underweight. This is what one would expect if measurement error has created a spurious negative correlation between the two measures in the cross-sectional analysis. Figure 3 confirms that a clear association existed between children's lagged and current height-for-age z-scores in both 1998 and 2004, supporting use of the lagged z-score as an instrument.
Neither the simple nor the two-stage IV probit models indicate that stunting was a risk factor for being overweight or obese. In contrast, the IV models reveal that measurement error was masking an association between stunting and being underweight or wasted. The estimates of r in this second pair of models suggest that it is unlikely (P ¼ 0.002) that the unadjusted height-for-age z-scores are exogenous. Instrumenting transforms a spurious positive relationship between unadjusted height and body mass into a negative one. Table 4 expands the IV models to control for a range of demographic and socio-economic determinants of BMI other than height. These models provide weak evidence that household income was associated with being overweight, together with weak evidence that, after controlling for income, Indian children were less likely to be overweight than Africans. No evidence exists that either urban residence or the educational achievements of their mothers influence whether children were overweight or obese. The proportion of children who were overweight or obese fell with age and may have diminished over time. Girls of primaryschool age were more likely to be obese than boys (P ¼ 0.052). The determinants of the proportion of children that were underweight or wasted are not simply the inverse of those for being overweight. Poverty was not a risk factor but urban residence was. Moreover, having controlled for residence, Indian children were much more likely to be unhealthily thin than Africans.
Adjusting for additional characteristics has little impact on the relationship between the proportions overweight or obese and height, which remains weakly positive, in contrast to the basic probit model. Moreover, adjusting for them does not attenuate the inverse association between being underweight or wasted and height. Instead, it unmasks an even stronger association than that estimated by the bivariate IV model.
Discussion
KIDS provides apparent evidence of improvements in the nutritional status of children in KwaZulu-Natal between 1993 and 2004. However, at least after 1998, these improvements may have been largely spurious: measurement error may have produced an overly pessimistic impression of the numbers of stunted, underweight and obese children in the first two waves of the study. Either way, the prevalence of being underweight in 2004 was low and childhood Figure 3 Relationship between children's height-for-age z-score and their height-for-age z-score in the previous wave of the study-KIDS obesity has not emerged as a major problem in this province of South Africa. In contrast, stunting remains common. Even in 2004, by age 10 years the average height of these children was about 1 SD below that of children in well-nourished populations. The determinants of stunting, wasting and obesity differ markedly in KwaZulu-Natal. A strong association existed between household poverty and primary-school-age children's heights. This reflects growth deficits both more than 5-6 years earlier and more recently. At least among younger children, urban residence also protected against stunting and Indian children were taller than African children from a similar socio-economic background. In contrast, household incomes were unrelated to the probability that children were underweight. Moreover, urban residence and Indian ethnicity put children at risk of being underweight, rather than being protective. Thirdly, whereas poverty and being Indian were associated with reduced probabilities of being overweight, urban residence was unimportant. No evidence exists that the educational background of mothers affected their children's anthropometric outcomes in this population once one has adjusted for other determinants. Moreover, at the largely pre-pubertal ages examined here, the outcomes of the boys and girls were similar.
This analysis found no relationship between stunting and obesity in childhood. This finding matches those of previous research in KwaZulu-Natal but not of some studies conducted elsewhere in South Africa. 13, 14 However, using IV methods to adjust for random errors in the measurement of height turned a 'positive' association between height and being severely underweight into a strongly 'negative' one. Short children were more likely than taller children of the same age to be underweight or wasted. Measurement error masks this association in a straightforward cross-sectional analysis. However, being tall was not associated with obesity, although this association has been found in populations in which obesity is more common. 28 As controlling for household income, racial group, residence and mother's educational background strengthened rather than attenuated the association between being short and being underweight, it seems unlikely that it results from confounding with other socioeconomic determinants of these anthropometric indices.
These findings suggest that random measurement errors have the potential to cause considerable bias in cross-sectional analyses, throwing doubt on much of the evidence that stunting is a risk factor for obesity in childhood. Of course, they have no implications for longitudinal studies that examine the impact of stunting for obesity in adulthood. Moreover, the results are specific to KIDS, to primary-school-aged children and to KwaZulu-Natal. According to the 2004 data, which seem more reliable than those collected in the earlier waves, childhood obesity remains uncommon in KwaZulu-Natal. Perhaps it is only when obesity becomes prevalent that an association between stunting and childhood obesity emerges. Moreover, detailed analyses of this association have suggested that stunting in childhood is linked to later obesity via fat deposition at puberty. 19, 29 KIDS only collected anthropometric data on children aged <12 years and cannot be used to investigate whether stunting and obesity are linked in secondary-schoolage children.
Although most research in low-and middle-income countries has used weight-for-age or the BMI to identify wasting and obesity in children, future crosssectional research investigating stunting and obesity in childhood could avoid the bias discussed here by adopting waist circumference or related measures to measure obesity. 30 Moreover, it is likely that the measurement of height is more precise in small-scale studies conducted by specialist staff than in large general-purpose household surveys. If random errors in the measurement of children's heights are small, the bias resulting from such errors will be unimportant. Equally though, no obvious reason exists why the accuracy of the anthropometric measurements in KIDS should be worse than those made in other large-scale surveys such as studies in the Demographic and Health Surveys and the Living Standards Measurement Study programmes.
In conclusion, random errors in measured height produce an artefactual association between stunting and obesity and may mask an association between stunting and being underweight in cross-sectional data. In panel studies, one can sidestep this bias by means of a two-stage IV regression analysis that instruments height with a measure of it made on another occasion (or with several such measures). Analysis of KIDS suggests that sufficiently large random non-sampling errors in the measurement of height can occur in large-scale, general-purpose surveys to introduce substantial bias. This bias may reverse the direction of the relationship between height and categorical measures based on the BMI. These findings do not necessarily invalidate those of earlier cross-sectional studies of this relationship; they do emphasize that the validity of these earlier results is conditional on the accuracy with which height was measured.
A National Income Dynamics Study was recently established in South Africa that has measured people of all ages. 31, 32 The initial waves of data were collected in 2008 and 2010. Once these data have been released, it will be possible to apply IV methods to up-to-date data representing the whole population of South Africa, including children who have been through puberty.
